The isomorphic substitution of two different metals (Mg and Co) within the framework of the ITQ-51 zeotype (IFO structure) using bulky aromatic proton sponges as organic structure-directing agents (OSDAs) has allowed the synthesis of different stable metal-containing extra-large-pore zeotypes with high pore accessibility and acidity. These metalcontaining extra-large-pore zeolites, named MgITQ-51 and CoITQ-51, have been characterized by different techniques, such as powder X-ray diffraction, scanning electron microscopy, energy dispersive Xray spectrometry, UV-Vis spectroscopy, temperature programmed desorption of ammonia and Fourier transform infrared spectroscopy, to study their physico-chemical properties. The characterization confirms the preferential insertion of Mg and Co atoms within the crystalline structure of the ITQ-51 zeotype, providing high Brønsted acidity, and allowing their use as efficient heterogeneous acid catalysts in industrially relevant reactions involving bulky organic molecules.
Introduction
One of the main challenges in the field of catalysis is the preparation of highly stable molecular sieves containing extra-large pores (greater than 7 Å) with adequate acid properties [1] [2] [3] . These types of crystalline microporous materials with large pore accessibility and acidity are highly demanded by industry due to their ability to process bulky reactants and products, while decreasing diffusional limitations of large molecules and increasing the catalyst lifetime by reducing the pore blocking by coke formation [4] [5] [6] .
Since the discovery of the first extra-large-pore aluminophosphate molecular sieve containing 18-ring channels (approx. 10 Å), which was named VPI-5 [7] , several new phosphate-based molecular sieves with extra-large pores have been described [1] [2] [3] [4] [5] . Unfortunately, these extralarge-pore phosphate-related materials show low hydrothermal stability after being treated under high temperatures in the presence of air to remove the organic moieties occluded within the pores [1] [2] [3] [4] [5] . In these cases, a remarkable loss of crystallinity or even the collapse of the entire crystalline structure is observed after the calcination treatment, precluding their use for catalytic applications. The reason of the low hydrothermal stability of most of these extra-large pore phosphate-related materials comes from the presence of metal mixtures in tetrahedral-octahedral coordination, terminal -OH groups or some non-tetrahedral species (i.e. OH, H 2 O or F) [1] [2] [3] 8] . Therefore, the preparation of stable extra-large-pore molecular sieves with larger pores than 14-ring openings is a very challenging issue.
Traditionally, one of the preferred strategies to synthesize zeolites with extra-large pores has been the use of bulky and rigid organic molecules as organic structure directing agents (OSDAs) [2] . Having that in mind, we have recently proposed the use of a bulky aromatic proton sponge molecule as OSDA (1,8-bis(dimethylamino)naphthalene (DMAN), figure 1) [9] because this organic molecule presents the proper physico-chemical properties [10] , including the suitable size and rigidity, to direct the crystallization of extra-large-pore zeolites. In this sense, the DMAN molecule has allowed the synthesis of a new silicoaluminophosphate (SAPO), named ITQ-51, which presents extra-large 16-ring pores (approx. 9 Å) in its crystalline structure, and even more important, shows very high hydrothermal stability after calcination treatments [9] . Up to that moment, only one zeolite, the germanosilicate ITQ-40, had been described in the literature containing 16-ring pores in its framework [11] , but its structure collapsed after calcination and exposure to ambient conditions. This lack of crystallized zeolites containing 16-ring pores reveals the difficulties of finding appropriate OSDAs able to stabilize this type of channels [12] . However, the bulky OSDAs formed by the particular supramolecular self-assembling of two aromatic DMAN molecules in the synthesis media show the adequate shape and size to stabilize the formation of 16-ring pores by proper host-guest interactions during nucleation and crystallization processes [13] .
Unfortunately, the SAPO form of the ITQ-51 shows low Brønsted acidity because the isomorphic substitution of Si atoms within the SAPO material resulted in the formation of large 'silicon islands' in the zeolitic frameworks [9] , and it has been broadly described that these siliconrich areas show very low Brønsted acidity [14] . However, other elements, such as transition metals, could also be isomorphically substituted within the neutral AlPO frameworks in addition to silicon atoms, resulting in the formation of MeAlPO materials [15] . The selective isomorphic substitution of a divalent metal (Me 2+ ) by Al 3+ atoms in framework positions would allow metal-containing AlPO-related materials with different acid and redox properties [16, 17] .
Herein, the isomorphic substitution of two different divalent metals (Me = Mg 2+ and Co 2+ )
within the framework of the ITQ-51 zeotype (IFO structure) is described. 
(b) Characterization
The as-synthesized and calcined samples were characterized by several analytical and spectroscopic techniques. The PXRD measurements were performed with a multisample Philips X'Pert diffractometer equipped with a graphite monochromator, operating at 45 kV and 40 mA, and using Cu Kα radiation (λ = 0.1542 nm). The chemical analyses were obtained with the energy dispersive X-ray spectrometry (EDX) with electron excitation at JEOL JSM-6300 scanning electron microscope (SEM). The organic content of as-made materials was determined by elemental analysis performed with a SCHN FISONS elemental analyser.
The morphology of the samples was studied by field emission scanning electron microscopy (FESEM) using a ZEISS Ultra-55 microscope.
UV-Vis spectra were obtained with a Perkin-Elmer (Lambda 19) spectrometer equipped with an integrating sphere with BaSO 4 as reference.
NH 3 -TPD experiments were carried out in a Micromeritics 2900 apparatus. A calcined sample (100 mg) was activated by heating to 400 • C for 2 h in an oxygen flow and for 2 h in an argon flow. Subsequently, the samples were cooled to 176 • C, and NH 3 was adsorbed. The NH 3 desorption was monitored with a quadrupole mass spectrometer (Balzers, Thermo Star GSD 300 T), while the temperature of the sample was ramped at 10 • C min onto the zeolite. Pyridine was desorbed at different temperatures (150, 250 and 350 • C) followed by the IR measurement at room temperature. All the spectra were scaled according to the sample weight.
Results and discussion
The SAPO form of the ITQ-51 zeotype was synthesized with the following gel composition (Si/(Al + P) = 0.1, P/Al = 0.9, DMAN/(Al + P) = 0.3, H 2 O/(Al + P) = 10, T = 150 • C) using the bulky aromatic proton sponge DMAN as OSDA [9] . This material showed high hydrothermal stability after calcination procedures but, low Brønsted acidity due to the preferential distribution of the silicon species as 'silicon islands' instead of isolated Si tetrahedron [9] . The synthesis of SAPO materials with isolated Si species within the framework is a very challenging issue, as the SiO 4 tetrahedral units tend to coordinate with other SiO 4 tetrahedral units forming these undesired Si-rich areas [14] . Thus, specific host-guest organic-inorganic interactions between the OSDA and the crystalline structure are required not only to direct the formation of the desired crystalline structure with a specific framework, but also to preferentially place the silicon atoms in framework isolated units. Having that in mind, we thought on introducing divalent transition metal ions (Mg 2+ or Co 2+ ) instead of silicon atoms in the synthesis of the ITQ-51 zeotype, in order to favour their distribution as isolated species in tetrahedral coordination. It is expected that the isomorphic substitution of these divalent metal cations by Al 3+ species would create Brønsted acid sites in these materials, making them attractive as acid catalysts. For this purpose, the synthesis of the Me-containing ITQ-51 materials has been attempted under similar synthesis conditions to the previously used for the synthesis of the SAPO ITQ-51, and two different molar ratios of the metals (Me/(Al + P) = 0.026, 0.053) have been studied at 150 • C for 5 days under static conditions. The synthesis conditions of the MeITQ-51 molecular sieves are summarized in table 1.
The PXRD patterns of the as-prepared samples confirm the selective crystallization of the IFO structure for these MeITQ-51 materials (figure 2a). Interestingly, these metal-containing ITQ-51 materials remain stable after being calcined in air at 550 • C regardless of the metal-type and metalloading introduced ( figure 2b and table 1 ), revealing the high hydrothermal stability of these calcined extra-large-pore zeotypes. It is important to note that after similar calcination processes, most of the reported extra-large-pore AlPO-based materials were shown to be unstable [1] [2] [3] [4] [5] .
The MgITQ-51 and CoITQ-51 samples have been characterized by N 2 adsorption to study their pore accessibility after the calcination treatments at 550 • C. As it can be seen in table 2, the micropore volume achieved for these two calcined materials is comparable to the micropore volume reported for the original ITQ-51 material in its SAPO form [9] .
The crystal morphology of these Me-containing ITQ-51 materials has been studied by SEM ( figure 3 ). These SEM images show a homogeneous crystal distribution for all materials, confirming the absence of amorphous phase or crystalline impurities. The Mg-containing ITQ-51 samples show plate-like crystal morphologies with different crystal size depending on the metalcontent ( figure 3a,b) . Indeed, the MgITQ-51 sample synthesized with a theoretical Mg/TO 2 In order to determine the real metal content in the Me-containing ITQ-51 materials, the samples have been characterized by EDX using a scanning electron microscope (SEM). As it can be seen in table 3, the final Me/TO 2 molar ratios are very similar to the theoretical molar ratios introduced in the synthesis gels (table 1) . Interestingly, the (Me + Al) molar fractions are quite close to the molar fraction of phosphorous (approx. 0.5), suggesting that both metals, Mg and Co, are able to undergo the selective isomorphic substitution of aluminium in framework positions during the synthesis of the MeITQ-51 materials. If this is so, the presence of Brønsted acid sited in the calcined MeITQ-51 samples could be expected.
The incorporation of cobalt ions within the crystalline framework of CoAlPO materials has been characterized in the literature using UV-Vis spectroscopy [18] . Therefore, the as-prepared and calcined CoITQ51_2 samples have been studied by UV-Vis spectroscopy to see if the cobalt ions have been properly inserted within the crystalline structure of the ITQ-51. On one hand, the UV-Vis spectrum of the as-prepared CoITQ-51_2 zeotype in the UV region shows the appearance of three absorption signals between 200 and 400 nm (figure 4b). However, these signals cannot be assigned to framework or extra-framework metallic species, because similar bands are also observed in the UV-Vis spectrum of the as-prepared Co-free ITQ-51 in its SAPO form (figure 4a). Thus, these bands may be attributed to the presence of entrapped DMAN molecules within the pores of the as-prepared CoITQ-51_2 material. Interestingly, the UV-Vis spectrum of the as-prepared CoITQ-51_2 zeotype also shows the presence of three absorbance bands in the visible region centred at 540, 580 and 625 nm ( figure 4b-inset) . These signals are characteristic of Co(II) species in crystalline tetrahedral environments [19, 20] , indicating that most of the cobalt species have been incorporated into the ITQ-51 framework. On the other hand, upon calcination of CoITQ-51_2 at 550 • C in the presence of air, a new and weak adsorption band appeared around 400 nm (figure 4c), in addition to the three absorbance bands between 500 and 625 nm (figure 4c-inset). This new adsorption band could be assigned to trivalent cobalt [Co(III)] species in framework positions, formed by oxidation of part of the divalent cobalt species [Co(II)] during the calcination process [21, 22] . The acidity of these metal-containing ITQ-51 samples has been characterized by temperatureprogrammed desorption of ammonia (NH 3 -TPD) and also by in situ infrared spectroscopy of pyridine adsorption/desorption. NH 3 -TPD clearly shows the presence of at least two welldefined NH 3 -desorption peaks for the MeITQ-51 materials (figure 5). The first peak centred at 200 • C is attributed to the presence of weak acid sites (physisorbed ammonia or terminal P-OH groups) [23] , while the second peak centred at 330 • C is attributed to the presence of strong acid sites [24] . The concentration of weak and strong acid sites can be quantified from NH 3 -TPD experiments by proper deconvolution of the curves ( figure 5 and table 4) . As seen in table 4, the amount of strong acid sites for MgITQ-51_2 sample is much higher than for MgITQ-51_1 sample, -51_2 sample (table 3) . By contrast, the strength of the acid sites in MgITQ-51_2 and CoITQ-51_2 samples is quite similar (table 4) , and this comparable acidity could be attributed to their analogous metal content (Mg and Co, table 3 ). The good correlation between the acid strength and the metal content in the final MeITQ-51 samples suggests that most of the Co and Mg species must be placed in tetrahedral coordination within the zeolitic framework, and, consequently, leading to the formation of Brønsted acid sites by isomorphic substitution of aluminium atoms. Finally, the calcined MgITQ-51_2 and CoITQ-51_2 samples, containing a similar metal loading (table 3) samples show the characteristic IR band of the pyridinium ion at 1545 cm −1 , which is associated with the presence of Brønsted acids sites. Interestingly, the calcined MgITQ-51_2 and CoITQ-51_2 samples mostly retain the IR band of the pyridinium ion after increasing the pyridine desorption temperature at 250 • C (figure 6), revealing a medium-strong Brønsted acid behaviour. These results are in agreement with those obtained by temperature-programmed desorption of ammonia. The catalytic activity of the different hydrothermally stable metal-containing ITQ-51 materials, synthesized along the present work with different acid strength, will be evaluated for different chemical processes involving the presence of bulky organic molecules. 
Conclusion
The synthesis of the extra-large-pore metal-containing ITQ-51 zeotypes, as MgITQ-51 and CoITQ-51, with different and controlled metal-loadings has been achieved by using a bulky aromatic proton sponge, DMAN, as OSDA.
The synthesized materials have been characterized in detail, demonstrating that Mg and Co metals have been mainly incorporated into the ITQ-51 framework by the isomorphic substitution of these divalent metals (Mg 2+ or Co 2+ ) by Al 3+ atoms. Moreover, the metal-containing ITQ-51 materials show excellent hydrothermal stabilities after calcination treatments at 550 • C.
Finally, temperature-programmed desorption of ammonia (NH 3 -TPD) and in situ infrared spectroscopy of pyridine adsorption/desorption demonstrate that the insertion of these divalent metals in the ITQ-51 crystalline structure, results in the generation of medium-strong Brønsted acid sites, potentially allowing their use as acid heterogeneous catalysts in future catalytic studies.
